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A Theoretical Formulation of the Hammett Equmicn

A Theoretical Formulation of the Hammett Equation
G. A. GALLUP*. W. R. GILKERSOW and M. M. JONES**
University of Kansas, Lawrence
One of the aims of physical chemistry is to explain and correlate theempirical facts of chemistry. One of the more useful generalizations of
organic chemistry is the Hammett equation.= This equation correlates
the rates of over two hundred reactions with the structure of the reactants.
The equation as it stands now is applicable only to reactions of aromatic
compounds and their derivatives. The Hammett equation is usually
written,

log lo^*=

where Eo is that part of the activation energy due to bond breaking and
formation, and Ee is the electrical interaction energy of the reactant molecules due either to charge or to existence of permanent dipoles. W e have
assumed E, to be dependent only on the reaction and specifically to be independent of the substituent. In each of our special cases we have assumed a
specific functional form for Ee, and we have further assumed that the rate
determining step is the approach of the attacking ion or dipole to the
aromatic molecule.
I. Ion-dipole reactions
In this case the electrical energy is given by2,

PC

Ee
-

k, is the specific reaction rate constant for a given reaction with an
unsubstituted reactant, k is the rate constant of the reaction using a
substituted reactant,
is a constant determined by the reaction, and
c is a constant determined by the substituent. For example consider the
two reactions:
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where Ze is the charge of the attacking ion,
p is the dipole moment of the attacked molecule,
0 is the angle of orientation of the ion to the dipole,
D is the dielectric constant of the medium,
r is the linear separation of Z and p, and
No is Avogadro's Number.
From the theory of absolute reaction rates,

For these two reactions,

p for this reaction is 2.498
o for the methyl group is -0.170

Experimental data may be fitted to this equation with a deviation of
kl5%.
In our formulation we have considered two types of idealized reactions. In each of these cases the aromatic compound is considered to be
a dipole essentially and the attacking reagent a point charge or another
dipole depending on the type of reaction. W e have assumed that theE~ = E, + E, ,
energy of activation can be split into two terms,
Transactions of the Kansas Academy of Science, Vol. 55, N o . 2, 1952.

where k is the specific reaction rate constant,
x is the transmission coefficient,
K is the Boltzmann constant,
T is the absolute temperature,
h is the Planck constant,
R is the gas constant, and
AS$ is the entropy of activation.
In our development we have assumed that x and AS$ depend only
on the reaction and are independent of the substituent.
Making the proper substitutions,
k~
ko=g -

h

.-

AS*
,R

Dividing and taking logarithms,
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By making the proper division of the factors, we may write,
k
log,, = p'u'

k.

Bubstituenl

Ze

P' ' 2.303 D8kT

The simplification of the first expression is made possible by the
assumptions that r, 8, and D are not changed by the substituent. Our p'
and a' should be only proportional to Hammett's and g, but the respective products should be equal.

lo1'
meta

5.18

2.45

3.61

-CN
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2.87
3 26
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-CH,
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In this case the electrical energy is given by3,

(Q;@)

,poro

4 81

It must be emphasized that the Hammett equation represents the
experimental data to within only t 15%. The deviation of the values in
Table 1 is t 30%.
Table 2.

where p, and p, are the dipole moments of the attacked and the attacking
molecules, respectively, r is the distance of separation of the two dipoles,
and f (6,, 6,) is a function of the two angles of orientation of the two
dipoles. In most cases f (6,, 8,) can be assumed to have an absolute
value of

f

Using the same assumptions concerning x, ASS, Eo, D, r, and
6,) constant, a similar treatment to I gives,

(eA,

Reoction

I.

p' 0.

hydrolysis of ethyl benzootes,
-3.02 x
87.837. ethonol, 30' C .
2. Alkoline hydrolysis of benzomides, water, 100%.- l .37 x
3. Solvolysis of benzoyl chlorides, e t h o n o l , O'C.
- 4.00 x
4. Solvolysis of benzoyl chlorides, methanol, O.C.
- 3 . 12 x
Alkoline

c"
10"

10"
10"
10"

Table 2 gives values of p' for reactions 1 and 2, and p" for reactions
3 and 4, assuming a value of r=4.OA, which will be discussed later in
this paper.
Table 3.
Reaction

Group

PU

p'u'or

p"u'

From these treatments we may calculate a table of ratios of
u

from values for group dipole moments as given in Gilman" and values of
as given by Hammett6.
8
4

Idem. ibid, p. 205.
Idem. ibid. p. 213.
H. Gilman, "Organic Chemistry", Wiley and Sons, 2nd Ed. N. Y. (1943) p. 1755.
Hammett, "physical Organic Chemistry", McGraw-Hill Book Co., N. Y. (1940) p. 188.

Discussion

The idealization we have introduced must be kept in mind when
applying these formulae. The essential assumptions made have.been:
1. The activation energy can be divided into two portions Eo and Ee,
each of which can be assigned to definite causes. The importance of this
step is that it allows us to write a definite functional relation for E e in each
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of our two cases. The fact that we have assumed E, constant for a given
reaction allows us to obtain an expression similar in form to the Hammett
equation.
2. That the rate-determining step is the same for different substituents except for a term due solely to the ion-dipole or dipole-dipole interacions. This statement is tantamount to the assumption that the mechanisms follow essentially the same path.
3. That x and AS$ for a given reaction are independent of the
nature of the substituent. This assumption means that some of the
reactions correlated by the Hammett equation, where AS$ does not remain
constant, cannot be interpreted by this model.
4. The distance of closest approach is 4.OA. That this is a reasonable value may be seen by a consideration of the interatomic distances
in the benzene ring.

5. That the dielectric constant of the medium is to be considered
as the dielectric constant of the region between the dipole in the aromatic
ring and the ion or dipole. W e feel that this is justified, since, in the
calculation of the work required to bring the two reactants within 4.0A
of each other the major contribution is from the region where the dielectric
constant is that of the medium.
6. That the function of 0 in the dipole-dipole interaction energy is
roughly that of Moelwyn-Hughes. Also, since the value of 0 in the
ion-dipole case is assumed to give a cosine of either
or -1, it may be
included in the a' factor. This treatment removes the dependence of cos 0'
on the reaction type.

+

Summary

A relation, which reduces to the form of Hammett's equation, has
been derived. Reactions which can be assumed to be of the form iondipole or dipole-dipole have been considered. The logarithms of the
ratios of rate constants were calculated and compared with experimental
values in the form of Hammett's equation constants.

